1. Bovine inositol monophosphatase reacts with thiol reagents such as 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), Nethylmaleimide (NEM) and iodoacetic acid (IAA). 2. Modification by NEM results in nearly total loss of enzyme activity, whereas modification by IAA causes a slight increase in activity. 3. The loss of activity caused by NEM can be prevented by the inclusion of InsIP, or better InslP and LiCl in the reaction mixture. 4. Two equivalents of p-nitrothiobenzoate (NTB2-) are released from the native enzyme on reaction with DTNB, and six equivalents of NTB2-are released from the SDS-denatured enzyme, suggesting that none of the six cysteine residues per molecule of enzyme is involved in intraor inter-molecular disulphide bridges. 5. Both NEM and IAA react with two cysteine residues (residues 141 and 184 in the sequence) in a mutually exclusive manner. 6. NEM also reacts stoichiometrically with residue 218. 7. The NEM-induced loss of enzyme activity is accompanied by a 15 % decrease in protein fluorescence. 8. A mutant of the enzyme which has an Ala-218 replacement for Cys-218 has full activity and is not sensitive to NEM, showing that the modification of this cysteine by NEM causes inhibition of the native protein by steric effects and that Cys-218 is not essential for activity.
INTRODUCTION
Extracellular signals are converted into intracellular events in the process of communication between cells. One of these signal pathways utilizes the receptor-mediated action of phospholipase C on phosphatidylinositol 4,5-bisphosphate, generating the secondary messengers 1,2-diacylglycerol and inositol 1,4,5-trisphosphate (for reviews see [1] [2] [3] ). The latter molecule mobilizes intracellular Ca2+ and can be metabolized to generate a number of different inositol phosphates, including InslP, Ins3P and Ins4P, all of which are substrates [4] for the enzyme inositol monophosphatase (EC 3. 1.3.25) . Additionally, inositol is produced by synthesis de novo when glucose 6-phosphate is metabolized to Ins3P [5] . Since transfer of dietary inositol across the blood-brain barrier is slow, brain tissue is dependent on the enzyme inositol monophosphatase for the production of inositol. Inositol monophosphatase is a dimer of identical subunits each of Mr 30000 [4] . It has an absolute requirement for Mg2+, but is inhibited by high concentrations of Mg2+ or by Li' [4, 6] . It has been proposed that Li' can trap a phosphoenzyme intermediate, preventing subsequent nucleophilic attack by water [7] . This mechanism accounts for the observation that Li+ inhibits uncompetitively with substrate [6] , a property which has been implicated in the efficacy of Li+ in the treatment of manic depression [4, 8] . Despite the cloning of cDNA for bovine inositol monophosphatase [9] , little is yet known about the residues involved in substrate binding and catalysis, although recent work [10] suggests that groups with pKa values of 6.4, 8.3 and 8.9 may be involved in the inhibition of the enzyme by Li+ and Mg2+. The PKa of 8.3 is very similar to that expected for the thiolate group of cysteine, and may imply a role for cysteine in the binding of the inhibitory metal ion.
Thiol groups in proteins have been widely studied by the process of chemical modification [11, 12] . Suitable reagents for this use include N-ethylmaleimide (NEM) [13] , 5,5'-dithiobis-(2-nitrobenzoic acid) (Ellman's reagent; DTNB) [14] and the haloacetates [15] . In this paper we describe the inactivation of the enzyme by these reagents and have identified the sites of modification. The results suggest that there are several cysteine residues in inositol monophosphatase available for modification and that one of these is located at or near the active site of the enzyme.
MATERIALS AND METHODS Materials
The growth of bacterial cultures and the subsequent extraction and purification of inositol monophosphatase is described elsewhere [16] . All reagents were purchased from BDH, Poole, Dorset, U.K. Radionucleotides were purchased from Amersham International, Amersham, Bucks, U.K. Optiphase Hi-safe 3 scintillant was obtained from LKB, Croydon, Surrey, U.K. DLInositol 1-phosphate was synthesized as described by Billington et al. [17] , and the inhibitor (IS)-phosphoryloxy-(2R,4S)-dihydroxycyclohexane as described by Baker et al. [18] .
Enzyme activity
Inositol monophosphatase activity, Vmax. and the Km for substrate were determined by the radiochemical assay previously described [19] , by the method of De Groot et al. [20] or the discontinuous assay of Lanzetta et al. [21] .
Protein concentration
The concentration of inositol monophosphatase was determined by the method of Bradford [22] . 
Fluorescence studies
Changes in protein fluorescence after modification by 1 mM-NEM were monitored with a Perkin-Elmer 650S fluorescence detector. All modifications were carried out in 50 mM-Tris/HCl (pH 8.0)/250 mM-KCl/3 mM-MgCl2 at 21 'C in a final volume of 1 ml. Each incubation contained 0.1 mg of inositol monophosphatase (per ml), and the ligands were included from stocks detailed above, with suitable decreases in the amount of buffer in each reaction mixture to maintain volume.
Site-directed mutagenesis
Oligonucleotide-directed mutagenesis was carried out by the method of Kunkel and co-workers [23, 24] . The plasmid used was the pRSET vector containing the gene coding for the bovine brain inositol monophosphatase [9] . The oligonucleotide 5'-AACATCCCAGGCGTGGATCCC-3' was synthesized on an Applied Biosystems model 380 DNA synthesizer and used to generate a mutant in which residue 218 is changed from cysteine to alanine. The sequence of the mutant was determined by the dideoxy chain-termination method [25] .
RESULTS
Inhibition of inositol monophosphatase by cysteine-modifying reagents Purified bovine inositol monophosphatase was incubated with various concentrations of thiol-modifying reagents for 30 min at pH 8.0, 21 'C, and subsequently assayed for activity. Fig. I shows that both DTNB and NEM cause high loss of activity in this period when used at concentrations between 0.01 and 0. InmM. Modification by 0.1 mM-NEM or -DTNB resulted in a 94 % or 80 % decrease in the original activity respectively. Interestingly, incubation with chloro-, bromo-or iodo-acetic acid had no effect on enzyme activity at low concentrations (< 1 mM), but resulted in a 200% increase in enzyme activity at higher levels (only the data obtained with IAA are shown in Fig. 1 ). These results suggest that there is one (or more) residue(s), most probably cysteine, in the enzyme available for modification by these reagents.
Determination of the number of available cysteine residues
The number of cysteine residues available for modification was estimated by treating 6 /SM enzyme (Mr 30055) in 50 mMTris/HCl buffer, pH 8.0 (also containing 150 mM-NaCl), with 0.5 mM-DTNB and measuring the A412 (6412 = 13600 M-1 cm-1). With native enzyme, 1.8-1.95 residues were modified per monomeric unit, although the protein sequence derived from the gene sequence shows that there are six cysteine residues in the protein [9] . However, the number of cysteine residues available for Concn. of thiol reagent (mM) Vol. 285 [18] was used ( Table 1) . The increased protection from inactivation shown by substrate in the presence of Li+ could be a result of formation of a stable E-P -Li' complex [7] , or simply because it prevents hydrolysis of the substrate. The observation that the substrate analogue gave full protection suggests that turnover is not needed and that E-S (or E-I) is the protected species.
It therefore appears that the residue modified by NEM is not at or close to the phosphate-binding site, but within a region of the active site where its modification may prevent substrate binding.
Identification of residues modified by I14CJNEM and 13HIIAA
Alkylation of the enzyme by IAA does not lead to a decrease in enzyme activity; in fact a small increase of activity of approx. 20 % is consistently noted. Fig. 3 is an elution profile obtained when a sample of a V8-protein/trypsin double digest (see the Materials and methods section) of [3H]IAA-modified enzyme was subjected to reverse-phase chromatography on a C. column (see Fig. 3 legend for details) and shows that the radioactivity was distributed between five peaks (a-e; see Table 2 ). These were collected and dried in vacuo and subjected to further purification on a C18 reverse-phase system (see the Materials and methods section). Each peak (a to e) was resolved by this technique to yield single radiolabelled peptides. The final yield and sequence of each peptide is given in Table 2 . Peak a contained 34 % of the radiolabel, and a PTH-carboxymethylcysteine peak was eluted after four cycles of the Edman degradation, corresponding to Cys-141. Peaks b, d and e collectively accounted for 57 % of the radiolabel incorporated by carboxymethylation and were shown to be derivatives of the same tryptic peptides all containing Cys-184. Peak c, containing 9 % of the radiolabel, was shown to be a peptide representing residues 60-70 in the linear sequence of the protein. This peptide contains no cysteine residues, and the radioactivity associated with this peptide was inferred to be due to carboxymethylation of His-65, since at this cycle of the Edman degradation no peak was detected at the standard elution time for PTH-histidine.
The stoichiometry of incorporation of NEM is 2 mol/mol of inositol monophosphatase. Reverse-phase h.p.l.c. (C8 column, 4.6 mm x 25 mm) resolved the radiolabelled peptides into five separate peaks (Fig. 4) . These peaks were individually collected, counted for radioactivity, and dried in vacuo before being re-applied to further purification by reverse phase chromatography using a C1H column and an isocratic gradient (see the Materials and methods section). These five peaks were labelledf, g, h, i and], and each was resolved into peptides, one of which in each case proved to be radioactively labelled. Table 3 gives the details of the percentage of acetonitrile from residue 182 to 191 containing Cys-184. Although the derivative of the cysteine complex is labile under the conditions used in the pulsed liquid sequencer, which prevents a positive assignment to the position of the radiolabel, there was no carboxymethylcysteine present, either. Since the NEM-treated enzyme was reductively carboxymethylated under denaturing conditions after modification by NEM, any available cysteines would have been converted into their carboxymethyl derivative, which is stable under the conditions of the sequencer.
The cysteine at or near to the active site of the enzyme was identified by a difference-labelling technique, i.e. protein samples were labelled in the absence and presence of the substrate and Li+, followed by digestion by V8 protease alone. Initial peptide analysis was carried out on an ion-exchange h.p.l.c. system. Comparison of the protected and non-protected radiolabelledpeptide elution profiles (monitored at 214 nm) showed there to be one additional peak (k), appearing as a trailing shoulder (7 min) on the first-eluted peak of radioactivity, in the nonprotected sample (see Fig. 5 ). This peak was isolated, dried in vacuo and further purified on a reverse-phase Cl. column, from which a single radioactive peak was eluted in 35 % acetonitrile, peak m (Fig. 6 ). Fig. 6 shows the elution pattern of radioactivity from samples of enzyme unprotected or protected by Ins P and Li+ from radiolabelling by NEM. The radioactivity eluted after 185 min is only present in the sample derived from unprotected enzyme, and this corresponds to the elution of peak m detected by absorption at 235 nm. This peptide was sequenced and corresponded to the peptide MGIHCWDVAG representing the ten residues 214-223 in the linear sequence. Cycle 5 of the sequencing and analytical procedure failed to yield or elute a stable PTH derivative [typical of S-(N-ethylsuccinimido)-cysteine]; however, comparison with the sequence derived from DNA studies [10] confirmed that the expected residue at this position is Cys-218.
Protein fluorescence
The reaction of the enzyme with NEM could also be monitored by a change in protein fluorescence which occurs on modification by this reagent. water/acetonitrile gradient system (see the Materials and methods section). The samples applied to the column were taken from peak k eluted from the ion-exchange column described in Fig. 3 . The two radioactivity profiles (a) show the elution of radioactivity when peak k derived from digestion of unprotected (0) and protected (0) enzyme was subjected to separation on this column. The profile describing the elution of peptides detected by the A235 (b) is for the sample from unprotected enzyme only. (Fig.  7) ; this change occurs at the same rate (results not shown) as the loss of activity, suggesting that the two phenomena result from the same modification reaction. As was noted when monitoring NEM-induced loss of enzyme activity, the presence of 10 mmLiCl or -NaCl (control) has no effect on the rate of decrease of protein fluorescence, whereas 10 mM-Ins P decreased the rate of fluorescence change associated with loss of activity. The additional presence of 10 mM-LiCl enhanced the protection afforded by substrate from modification with NEM, although a small loss of fluorescence still occurred. An anomalous situation occurred when the modification was attempted in the presence of 10 mM-phosphate ions (present as K2HPO4). Although phosphate ions have no protective effect on the loss of activity of the enzyme, their presence prevented the changes in protein fluorescence which occurs on modification of the enzyme by NEM. Addition of phosphate ions to enzyme alone caused a small decrease of 2-3 % in protein fluorescence. This small change in protein fluorescence was a Mg2+-dependent process, as was the phosphate protection of fluorescence quenching by NEM.
Effect of mutating Cys-218 to The positive assignment of the NEM-reactive residue in or near to the active site of the enzyme was confirmed by experiments using a mutant enzyme where Cys-218 has been replaced by an 20 % by reaction with 10 mM-NEM (Fig. 8 ). Although incubation with NEM failed to inactivate the enzyme significantly, 1 mol equivalent of [14C]NEM was incorporated into the enzyme. Furthermore, in the presence of this reagent, the fluorescence emission from the mutant protein showed no greater change than the native enzyme totally protected by the presence of substrate and Li' (Fig. 7) .
DISCUSSION
The bovine inositol monophosphatase is inactivated by chemical modification by NEM (Table 2) , each of which is half-modified by the reagent. The two modified thiol groups were found to be in residues Cys-141 and -184; these residues were found to show similar half-reactions with NEM (Table 3) . This pattern of modification may arise for a number of different reasons. Firstly, the two residues concerned, Cys-141 and -184, may react in a mutually exclusive manner, i.e. modification of one residue by the reagent sterically hinders the modification of the other. Alternatively, the modification of Cys-141 or -184 in one subunit may prevent the modification of the same residue in the other subunit of the dimer. Since the incorporation of radioactivity is approximately equal, the two thiol groups must be of similar overall reactivity. The steric hindrance to the modification of the second group is not due to the charged nature of IAA, since the same pattern of labelling was obtained with NEM. The possibility of a conformation change after the modification of either Cys-141 or -184 which results in inhibition of the reaction of the other with the reagents seems improbable, since the enzyme is still fully active. Finally the possibility that a proportion of these two residues, e.g. half of them, are inter-bonded via a disulphide bridge and are therefore unavailable for reaction is equally remote, since under denaturing but non-reductive conditions it is possible for all six cysteine residues to react with DTNB. In other enzymes, two cysteine residues not involved in a disulphide bridge in the native enzyme have still been close enough to each other to permit a disulphide-interchange reaction between one of them and the other modified by a NTB2-group from DTNB [26] , thus leading to the formation of a disulphide bridge in the modified species. This is not the case with inositol monophosphatase, since only 2 mol equivalents of NTB2-are released from reaction with DTNB. It seems most probable that the 2 mol equivalents of NTB2-released by reaction of the enzyme with DTNB are in fact due to reaction at the same three residues as NEM. Mutagenesis studies have clearly demonstrated that Cys-218 is not an essential residue for catalytic activity. The mutant has a similar Km and an increased Vmax relative to the native enzyme. Inositol monophosphatase contains three tryptophan residues, numbered 5, 87 and 219 in the linear sequence [9] . The sensitivity of tryptophan fluorescence to changes in protein conformation or microenvironment has been widely reported [27] [28] [29] 
